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EXPERti& STUDIES OF THE ~CK-LIMTi!ED BIINIXNG

CHARACTERISTICS OF AVIATION IUEIS “

.,III - AROMATICS AND CYCIQPARUT’INS

By I. L. Drell ati”J. D. Wear -

The knock-ltmited power at various blend composltions for
several aromatics and cycloparaffins individually blended with
paraffinic base stocks, as determined in an air-cooled aircraft-
engine cylinder at fuel-air “ratiosof 0.07 and 0.10 is presented.
An analysis of the data leads to the conclusion that the extended
reciprocal blending relation suggested in a previous NACA report
is not generally applicable to such nonparaffinic components, but
might possibly be useful as an approximation over a limited range
of composition for aromatic blends. -.

INILROIUCTION

The relation between knock-limited power and blend composi-
tion has been the subject of several NA~ investigations. Me
reciprocal blending relation proposed in reference 1 for super-
charged knock data was found”in reference 2 to be-applicable at
a fuel-air ratio of 0.10 to several psmffinic blends tested in
an aircraft cylinder. A later investigation on the same cylinder
showed that the reciprocal blending relation was generally followed
at both lean and rich mixtures when the temperature of the cmmbustion-
chamber wall near the knocking zone was held constant; this conclu-
sion applied at the two operating conditions investigated, for
blends of v~ious paraffinic fuels (reference 3) and also for
blends of two paraffinic fuels each having the same concentration
of aromatics (unpublished data).

Reference 2 also reported that several blends of nonparaffinic
fuels with paraffinic fuels did not follow the reciprocal relation
and suggested the following extended form of the reciprocal relation
for such blends:

●
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where

Nl, N2, ... weight percentages
respectively

PI, 132, ● ** blending oonstants
respectively

of components 1, 2, ....

for components 1, 2, .,.,

‘b) PD P2) ... knock-limited indioated mean effective pressures of
blend and of components 1, 2, .... respectively

Hereinafter, subscript 1 is used to refer to nonparaffinic components
and subscript 2 to paraffhl.o components.

The simple reciprocal relation of reference 1 may be considered
to be a special case df the foregoing extended reciprocal relatlon
in which the p’s are all the same and so cancel out. The value
of j3 for paraffinic S reference fuel may be taken as 1.0, and
if all paraffins followed the simple reciprocal relation then P for
all paraffins would be 1.0.

The yurpo-sof this investigation,which was conducted at the
NACA Cleveland laboratory, were to determine the knock-limited
blending charaoteristios of several aromatics and
individuallyblended with paraffinio base stocks,
applicability of the extended reciprocal blending
nonparaffinic com~nentsc

cycloparaffine
and to test the
relation for such

The following aromatics and cycloparaffinswere used as one
component of the blends:

Aromatics:
Benzene
Toiuene
Xylene
(hzmene
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s Cycloparaff ins:
Cyolopentane
Methylcyclopentane
f2yclohexane
Methylcyclohexane
Etbylcy610hexane

These nonparaffi~ were inaividu,allyblended in various pro-
portioflewith each of the following three paraffinic base stocks:

. . .

Al@late.
r--r

Virgin base .
A blend of 50 percent S-4 reference fuel ‘

,.. with 50 percent M-4 reference fuel.
This blended base stock is hereinafter
designated 50/50 Ei/M

The xylene contained.about 15-percent ~-xylene, 47-pe&c&t
q-xylene, 24-percent g-xylene, 11-yercent ethylbenzene, and
3 percent other compounds, aocording to ultraviolet spec+mophoto-
metric analysis by this laboratory. It was estimated from the
refractive indices and other inspection data that the impurities
amounted to 8 percent in the cyclopentane and 5 percent or less in
the other nonparaffins. The combined aromatic and olefinic content
(mostly aromatic) of the base stocks was as follows: alkylate,
less than 1 percent; virgin base> 10 percent; 50/50 S/M, 5 percent.

All fuels contained 4 ml tetraethyl lead yer U.S. gallon.
Blend compositions throughout this paper are reported in percentage
by weight.

The
onaCUE

APPARATUS AND OPERATING CONDITIONS

apparatus, which consisted of an R-2800 cylin~er mounted
crankcase and associated equipment, was practically the

same as described in detail in reference 2 except for the following
two alterations: In regulating the cooling-air flow, a thermo-
couple embedded in the cylinder head about 1/16 inch from the .
combustion-chamberwall near the knocking zone was used as the
reference ~oint instead of the rear-spark-plug-loss thermocouple.
The hocking zone was assumed to coincide with the exhaust end
zone, which was about 25° (due to swirl) from the exhaust valve
toward the rear of the cylinder. Also, an altitude exhaust
system was installed and the exhaust back pressure was maintained
constant at 15 inches of mercury absolute instead of at atmospheric
pressure.
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These alterations were made because a previous unpublished
investigation on this engine setup indicated that better reproducibility
might thereby result. It had also been found (reference 3) that the
knock data at lean mixtures for paraf~inlo fuel blends gave better
agreement with the reciprocal blending equation when the cylinder-head
temperature near the knocking zone was held constant.

The engine operating conditions were as follows:
.

Compression ratio . . . . . . . . . . .“. . . . . . . . . . . .7.3
Spark advance, both plugs, deg B.T.C. . . . . . . . . . . . . . 20
Ehginespeed, rpm. . . . . . . , . . . . . . . . . . . . . . 2250
Inlet-mixture temperature, ‘F . . . . . . . . . . . . . . . . . 240
Exhausitback pressure, in. Hg abs. . . . . . . . . . . . . . . 15
Cylinder-head temperature at exhaust,end zone, ‘F . . . . . . . 400
Rear-spark-plug-boss temperature, ‘F . . . . . . . . . . . 426-469
Coo,l.ing-airtemperature,,oF6 . . . . . , . . , . . . 9* ● ● ● ‘0

Oilpressure,lb/sqin. . . . i . . . . . . . . . . . . . . . . 60
Oil-in temperature, ‘F . . . . . . . . . . . . s . . . . . . .185

These engine conditions were chosen to give good reproducib3.lityand
sufficient sever’ityto permit knock ratings with large proportions
of the high-performanceno~paraffin components. The investigation
was made over a 3-month period during which two cylinder overhauls
were necessary.

Blending-response

PROCEDURZ

runs were made at fuel-air ratios of 0.07 and 0,10.
The blend co~posi~ion was ad,justedby proportioning the flovs in the
two independent fuel systems, one containing the nonparaffin and the
other containing one of the base fuels. Innost cases, three blend
compositions were tested besides t-hestraight base fuel and the straight
nonparaffin, making a total of at least four or five data points in a
series,

Blends of a given nonparaffin with the three base stocks at the
same fuel-air ratio were tested on one day or on two consecutive
working days. In an effort to get better reliability, the data
points were repeated and several procedures were used. In some
cases, after running the four or five blend points in a series the
runs were immediately repeated by another operator. In other cases,
the three series of points from one nonparaffin with the three bases
at one fuel-air ratio were run one day and then repeated the next
day by another operator. And in still other cases, the checking
was done after a longer time had elapsed.

.

,

.
.



NACA TN NO. 1416 5

Inasmuch as it wae impossible to keep the fuql-air ratio exactly
at 0.07 and 0.10 in all the blending-response rune, approximate
corrections were applied to the data in accordance with the trends
of mixhxre-reeyonse curves at those fuel-air ratios. The corrections
were very small in general because the fuel-air ratio was maintained
within +O.001 fuel-air ratio of 0.07 and 0.10 in all except 7 percent
of the rune.

RESULTS AND DISCUSSION

Base-fuel mixture responee. - Curvee showing the lmock-limited
indicated mean effective pressuree and indicated specific fuel con-
sumgtionsplotted again&t fuel-air ratio for the three base fuels
used in this investigation are given in figure 1; for comparison,
a curve for S-4 referbnce fuel is also included in thie figure.
These curves represent appximately the average performance over
the entfie test ~eriod. The indicated-specific-fuel-cons~tion
curves for theee four fuelewere practically the same eo only one
average curve is shown.

Base-fuel reproducibility. - Com@ete mixture-response data
for each base fuel were taken about five times during the program,
but teste at fuel-air ratios of 0.07 and 0.10 were repeatea moi% ‘-
than 30 times. The following table shows the reproducibility
obtained at these two fuel-air ratios:

Fuel-
air
rat10

0.07

0.10

Base mock-limited imep
fuel (lb/sq in.)
(a) MaximumlMinimm ]Average

Al@late 169 145 158
Yirgln base E3 102 111
50/50 S/M 97 88 93

Alkylate 216 197 207
Virgin base 159 139 149
50/50 S/M 1X2 106 109

imep deviation

m

ercent
Maximum Average

8.2 3.6
10.8 4.0
5.4 2.1

4.8 1.9
6.7 2.4
2.8 1.0

aAll fuels contati 4 ml TEL per gallon.

Some of the series of blending runs contained only one rating of
., the base fuel; whereas in other series the base fuel-was tested at

the beginning and end of the series and sometimee in the mitile.
-. The two or three values eo obtafned were first averaged, and then

the average of all series detemined. The maxim and minimum
values given in the table are, however, taken from all the individual
ratings..
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The average deviation in indicated
all the base-fuel runs at both fuel-air
the maximum deviation was 2.7 percent.
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specific fuel consumption for
ratios was 0.6 percent, and

Ba~e-fuel blendlng characteristics. - The blending character-
istics of the,base fuels blended with each other are shown In
figure 2. The ordinate scale Is an inverted reciprocal scale so
that a straight line is obtained if the blend follows the simple
reciprocal relation .(reference2). The four pairs of fuels shown
in this figure gave straight lines at both fuel-air ratios, within
the experimental error. The point for 100-percent s-4 reference fuel
in blends of S-4 reference fuel with 50/50 S/M at a fuel-air ratio
of 0.10, which seems to be low, is still considered to be within the
experimental error for that power level. Tailed points are shown
for the preceding and succeeding ratings of S-4 reference fuel.

Blends of virgin base with 50/50 S/M were not tested at a fuel-
alr ratio of 0.07 but it may be assumed that the reciprocal relation
would probably apply inasmuch as It applles to blends of alkylate
with each of these two bases.

Aromatic mixture response. - It was ti~ossible to obtain lmock
data at fuel-air ratios richer than 0.068 for the straight aromatics
except cumene, because of en@ne limitation. A partial mixture-
response curve obtained with straight cumene showed the minlnum
indicated mean effective pressure to be 130 pounds per square Inch
at a fuel-airratio of 0.066, with a rise to 145 at 0.070 and to
190 at 0.076. In addition to the high knock-llmited powers, another
difficulty encountered in attempting to test the straight aromatics
and even some of the blends containing very large proportions of
aromatics (except–mameneat lean mixtures) was the irregular character
of the bock;

Aromatic blendlng response and reproducibility. - Figures 3 and 4
present the blending characteristicsof the aromatics individually
blended with each of the three base fuels at fuel-air ratios of 0.07
and 0.10. The widest spread of data was obtained with the benzene-
alkylate blends (fig. 3), which include three series of runs that
serve as a check on the reproducibility estimated for the aromatic
blends.

The reproducib~litywith aromatic blends over the entire 3-month
period would probably be worse than that for the paraffinic base fuels,
but the aromatic runs were actually made over a much shortor period
of time and the interest here is primarily in the shape of the curves
relative to each other. As a rough estimation, the base-fuel repro-
ducibility values were therefore applied also to the arouatic blends

.

.

.

.
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and it was assumed that the average imep deviation of any single
determination was about 2 Tercent at a fuel-air ratio of 0.10 and
4 percent at 0.07; and the maximum deviation was assumed to be
about 5 percent at 0.10 and 10 percent at 0,07. These precision “
values are consistent with the computed deviations from the faired
curves for the benzene-alkylate data, although the data are ineff-
icient for a reliable amil.ysis.

The knock-limited indicated mean effective pressure ratios of
blend relative to base fuel for all the nonparaffins investigated
areshown in table I. The aromatic-blend values in this table were
derived from the blending-rewponse curves faired through all the
experimental data in figures 3 and 4. The values on the faired
curves of these figures are equivalent to averages of several
determinations and therefore the precision of such values should
be considerably better than that given for a single determination,
perhays about twice as accyrate, except near the high-power end of
the ourves.

Testi ng blending relation for aromatics. - The following method
was used in determining the applicability of the extended reciprocal
blending relation to blends of a nonparaffin with paraffin base
stocks: A method of plotting is used whereby one straight line can
be drawn through all the data for a given nonparaffin blended in
varying proportions with various base stocks at constant fuel-air
ratio; the position of this straight line determines the unknown
Bl, and also PI if it cannot be experimentally determined.

The extended reciprocal equation for two components is the
equation of an equilateral hyperbola if pb and N1 are considered
to be the variables. This equation can, however, be rearranged
to the intercept form of a straight line as follows:

~n if th~ ~ta are,plotted with pb as the abscissa and

(-)(%+ as the ‘ordinate,a straight line would

rksult if ~he’etiend&d reciprocal relation i.s applicable, with
the abscissa intercept equal to P1 and the ordinate intercept
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equal to P1/132. It has been shown that the paraffin %ase stocks used
under the,conditions of’this investigation followed the simple recip-
rocal relation;hence, ~2 maybe takenas 1.0, Sample plots of this
type are shown in figure 5; data points are from the .fail’edcurves.
in figure 3 for benzene; The criterion used in choosing the best
straight line was the difference between the values of Pb determined
by this line and the experimental values; a greater weight was given
to the closeness of fit-at the lower aromatic concentrations.

As a result of such analyses applied to all the aromatic
the following values of P1 and P1 were chosen:

Fuel-air ratio, 0.07 Fuel-air ratio, 0.10
Aromatic P1 P1 P1 P1

(lb/sq In. ) (lb/sq in. )

Benzene 0.06 -1oo 0.5 400
Toluene .5 300 .5 w

Xylene ‘ “.3, 240 1-.0. 400
Cumene l.O 140 1.0 “, 350

blends,

The negative value of P1 given in this table means that if the
reciprocal relation were applicable over the entire range of
composition, fuels containing high concentrationsof such a
compound would be completely knock-free; in this case for exmple~
benzene-alkylate blends containing 91.3 percent or more benzene
would be bock-free (mathematically, pb becomes itilnlte when

N1

The dashed curvee in figures 3 and 4 show the blending-relation
indicated mean effective pressures corresponding to the values of
P and P1 given in the preceding table. The differences between
tke experimental indicatedmean effective pressures and those pre-
dicted by the blending relation, especially toward the hi~h-power
end of the curves, are considerably greater ‘L~Lanthe es$inated
error. 1% is therefore concluded that the extended reciprocal
blending relation cannot be.generally applied over the entire range
of composition.

.

.
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The possibility remains, however, that the extended blending
relation may be of some use as an approximation over a limited
range; for blends containing less than 25 percent aromatic hydro-
carbons, the maximum difference between the predicted indicated
mean effective pressures and the faired-curve values was 5 percent.
When blends of aromatics with various base fuels of widely dif-
fering antiknock quality are considered, it is believed that such
a method of estimating ratings would be more accurate than any
method based on linear extrapolation of blend ratings to the rating
for the straight compound. Whether the increase in accuracy wmld
be worth the additional complication of a blending constant would
depend on several factors, such as the range of base-fuel anti-
knock quality and the engine operating conditions.

It was found that an equilateral hyperbola could he fitted to
the blending data within the estimated error for each curve sepa-
rately but the three ~rbolas for a given aromatic would not
intercept the U30-lercent line at the same point, as they tihould;
tht is, they require different values of PI and also of PI.
The fact that they require different values means that as the
100-percent aromatic composition is approached, the blending curves
must deviate from the hyperbolic form.

Cycloparaffin mixture response. - The mixture-response data
for the straight cycloparaffins are presented in figure 6. These
mixture-response”curvesare not closely comparable on an absolute
basis because they were determined at intervals of about 1 week
apart (over a total period of 1 month). The general shapes of the
indicated-mean.effective-pressuzwcurvbs seem to divide them,
however, into two groups, cyclopentane and cyclohexane having
similar curves, and the three alkyl cycloparaffins forming a secoti
group of similar curves. The indicated specific fuel consumption
for the five cycloparaffins are practically all the same, and they
are also practically the same as for the paraffinic base fuels
(rig. 1).

Cycloparaffin reproducibility, - During the course of the
. investigation, from four to eight knock tests were made on each

straight cycloparaffin at fuel-air ratios of 0.07 and 0.10. An
analysis of these data indicated that the cycloparaffin reproduc-
ibility was approximately the same as that estimated for the
aromatic blends.

Cycloparaffin blending characteristits. - The blending response
of the cycloparaffins individually blended with each of the three
base fueis i; shown in figures 7 ~nd 8 and table I.
generally possible to apply the extended reciprocal

It was not
blending relation



10 NACA TN NO. 14i6 .

to these blends, A number of the blending curves exhibit the phenom- “ .
enon of a blend that permits higher knock-limited performance than
either component and this phenomenon cannot be expressed by the
reciprocal blending equation.

An equation that could closely match such curves would have to
contain several,blending constants for each component, and the proce-
dure of determining such constants would probably be impractical in
view of ths number-of
precision attainable.

An investigation

the tests required &d the-llmite~ degree of

SUMMARY OF RESULTS
.

of the knock-limited blending characteristics
of several aromatics and cycloparaffins Indiviriuallyblended with
paraffinic base stocks In an air-cooled aircraft-engine cylinder gave
the i’ollowi~ results:

1. The knock-limited indicatedmean effective pressures of the
paraffinic baee,f’uelsfollowed the simple reciprocal blending relation
under the operating conditions used.

2. The extended reciprocal blending relation could not be applied
to all the aromatlo-blend data within the extimated maximum error of
5 percent at a fuel-air ratio of 0.10 and 10 percent at a fuel-air
ratio of 0.07; it ,waspossible to use,the extended reciprocal relatlon
as an approximation over a limited range of composition, up to about
25 percent aromatics. .

*

.

.

.
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3. It was impossible to apply generally the extended reciprocal
blending .rel.ationto the cycloparaffin blends, some of which gave
higher knock-limited power than either component in the blend..

Flight Propulsion Research Laboratory,

National Advisory Committee for Aen”nautics,
Cleveland, Ohio, June 17, 1947.
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TA2LBI.- BLENOING CHAFUCTZRISTICS OF AROMATICS A??
CYCLOPARAFFINSIN AIRCRAFT-ENGINE CYLINDE2

Knock-1imited imep ratio of blend relative to baae fuelb

Bese fuel plus Fuel-alr ratio, 0.07 Fuel-air ratio, 0.10
nonparaffln

Nonparaffin, weight percent Nonparaffin,weight percent

(a) 10 25 w’ 75 100 10 .25 50 75 1~
Alkylate plus

Benzene 1.02 1.06 1.19 1:5U --- 1.0.2 1.06 1.?0 --- ---
Toluene 1.02 1.06 1*13 1.k5 -- 1.06 I.lg ---- --- --
Xylene 1.01 1.03 “1.06 1.12 — 1.03 ].~b — --- -—
Cumene .99 .96 .92 .gq o,tJ5 1.04 1.13 -- --- ---
Cyclopentene 1:01 1.02 ●94 .66

.96 .91 .gh .77 :H
1.0s 1.11 1.0s 1.05 0.97

klethylcyclopentene 1.05 1.07 .98 .90 .81
Cyclohexene .94 .136 ,74 .64 ‘:;; 1.04 1.06 .95 .g4 ● 74
Methylcyolohexane .96~ .s9 .77 .67 .98 .95 .s6 .75 .6b
Ethylcyclohexane .90 ● 7s .65

● 53 .M .92 .81 .67 ● 5s .51

Virgin base plus

Banzene 1.01 1.04 1.1
i

1.52 -- 1.03 1.09 l,2g --- ---
Toluene 1.03 1.10 1.2 l,5fi --- 1.04 1.1? 1.37 --- ---
Xylene 1.01 1.03 1.09 1.28 --- 1.05 1.13 1.37 --- -“-
Cumene 1.01 1.04 1.09 1.15 lofi 1.04 1.12 1.28 1.63 ---
CyclOpentane 1.02 1.04 1.05 1.06 1.07 1.08 I.lg 1.28 1.35 1.37
Methylcyclopentane 1.00 .99 .99 .gg .98 1.01 1.03 1.05 1.07 1.09
Cyclohaxane .97 .94 .H .S2 .76 1.02 1.0

2
lob 1.03 1.02

Methylcyclohexane .97 .94 .s9 .65 ●H 1.02 1.0 1.0? .97 .92
Ethylcyclohexane .95 .90 .81 .73 .68 .97 .92 .s5 .79 .74

50/50 S/M plue
Benzene 1.01 1.03 1.16 1.60 --- 1.04 1.11 1.34 2.24 ---
Toluene 1.03 1.09 1.30 1.89 --- 1;06 1.20 1.67 --- ---
Xylene 1.02 1.0s 1.24 1*55 --- 1.07 1.25 1.76 --- --
Cumene 1.03 1.10 1.22 1,40 1.71 1.09 1.25 1.60 2.25 —-
Cyclopentane 1.16 1.27 1.29 1.30 1.3 1.26 1.57 1.89 1.96 1.93
Hethylcyclopentane 1.0s 1.16 1.20 1,19 1.15 1.13 1.2~ 1.44 1.47 1.4g
Cyalohexane 1.02 1.03 1.04 1.00 .90 1.16 1.33 1.45 1.44 1.41
Methylcyclohaxane 1.03 1.07 1.09 1.05 ● gg 1.06 1.15 1.29 1.25 1.21
Ethylcyclohexane ● gg ●95 .90 ..s4 .go 1.00 .99 .99 .9% .97

aAll fuels contain 4 ml TEL per gallon. NATIONAL AOVISORY
COMMITTEE FOR AERONAUTICS

bAverage knoak-limited imep ratios for 50/50 S/M, virgin bsse, alkylate, and S-4 ref-
erance fuel respectively, ralative to ~f~ S/M;
At a fuel-alr ratio of 0.07; 1.00, 1.20, 1.70, 2.oo.
At a fuel-alr ratio of O.1O; 1.00, 1.37, 1.9Q, 2.19.

I -1
D
o
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Figure 6. - Knock-limited mixture response of cycloparafflns In an air-
craft-engine cylinder. All fuels contain 4 ml TEL per gallon.
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